Reionization of the Universe after the Dark Ages played an important role in the galaxy formation and observability. The source of the ionizing radiation is, however, not yet clearly determined. The main contribution is commonly attributed to strong AGN activity or tremendous star formation. Whether ionizing radiation from high star-forming galaxies can escape to the intergalactic medium is being discussed. Green Peas represent a class of compact high star-forming galaxies that have recently been found to show signatures of the escape of the ionizing flux. In this paper, we present the first measurements of Green Peas in the X-ray domain to constrain their flux at high energies. We reduced the X-ray data of XMM-Newton observations of three Green Peas sources and derived X-ray fluxes of two of them. An upper limit only could be constrained for the last observation, because its exposure was shortened due to contamination by high background flares. We found that the X-ray flux of both measured sources is larger than expected from empirical relations for star-forming galaxies between the X-ray flux and the star formation rate, even considering their metallicity measurements. Our results thus indicate that Green Peas galaxies produce more high-energetic flux than other star-forming galaxies, and can therefore be considered as sources with potentially large significant ionizing radiation escape.
INTRODUCTION
Cosmic reionization, which took place between redshifts z ∼ 20 and z ∼ 6 (e.g. Robertson et al. 2015; Bowman et al. 2018) , was a pivotal change in the history of the universe, affecting the galaxy formation and observability (Gunn & Peterson 1965; Barkana & Loeb 2001; Choudhury & Ferrara 2006; Zaroubi 2012) . Discussions are still ongoing about the astrophysical sources that were responsible for this change, and solid observational evidence is emerging only now.
Hydrogen ionization is efficiently achieved by ultraviolet (UV) Lyman-continuum (LyC) radiation at wavelengths λ 912 Å, for which we know two main sources: starforming galaxies and quasars (e.g. FaucherGiguère et al. 2008; Robertson et al. 2010; Bouwens et al. 2015b; Giallongo et al. 2015) . Besides UV irradiation, higher energy photons such as X-rays from high mass X-ray binaries (e.g. Mirabel et al. 2011; Fragos et al. 2013a; Xu et al. 2014; Jeon et al. 2014; Artale et al. 2015; Madau & Fragos 2017; Sazonov & Khabibullin 2018) and radiation from dark matter annihilation/decay processes (e.g. Mapelli et al. 2006; Valdés et al. 2007; Liu et al. 2016) have been proposed to have contributed to ionizing and heating the intergalactic medium at large scales. Also the contribution of cosmic rays has been evaluated, either those accelerated by the first supernovae (e.g. Nath & Biermann 1993; Sazonov & Sunyaev 2015; Leite et al. 2017) or in the jets of high-redshift microquasars (e.g. Tueros et al. 2014; Douna et al. 2017) .
While quasars are powerful producers of ionizing radiation, they may have been too rare at z > 4 (Fontanot et al. 2012; Haardt & Salvaterra 2015) . Nevertheless, recent observational updates opened again the possibility of their dominant role (Giallongo et al. 2015; Madau & Haardt 2015) . On the contrary, star-forming galaxies were abundant in the young universe (Robertson et al. 2010; Stark 2016) , and could have been natural sources of ionizing UV photons. Sizeable galaxy samples (thousands of targets) are now avail-able out to redshifts z ∼ 7 − 10 (e.g. Ouchi et al. 2009 Ouchi et al. , 2018 Schenker et al. 2013; Robertson et al. 2015; Bouwens et al. 2015a; Hashimoto et al. 2018; Oesch et al. 2018 ). However, their direct observation in the Lyman continuum is impossible due to large amounts of intergalactic neutral hydrogen. We therefore have to rely on low-z observations and theoretical models.
Most local galaxies appear to be opaque to their own LyC, which cannot escape through the interstellar (ISM) gas and dust. It was only recently that LyC observations started to yield successful detections: escaping Lyman continuum was found in four z ∼ 2 − 4 galaxies (de Barros et al. 2016; Shapley et al. 2016; Bian et al. 2017; Vanzella et al. 2018) , and in eleven z ∼ 0.3 analogues, also known as the Green Pea galaxies (GPs; Izotov et al. 2016a Izotov et al. ,b, 2018a . Their mean LyC escape fraction is ∼ 20%. Numerical simulations predict that an average escape of 20% of the stellar Lyman continuum to the intergalactic medium would be sufficient to reionize the universe (e.g. Yajima et al. 2009; Paardekooper et al. 2015) . Low escape fractions of less than 3% were detected in a few other local galaxies (Bergvall et al. 2006; Leitet et al. 2013; Borthakur et al. 2014) .
Green Peas were originally discovered in the optical Sloan Digital Sky Survey (SDSS) by Cardamone et al. (2009) and extended by Izotov et al. (2011) . They are compact, lowmass (∼ 10 9 M , where M ≈ 2 × 10 30 kg is the mass of the Sun) and highly star-forming (∼ 10M yr −1 ) galaxies with sub-solar metallicities (12+log[O/H] < 8.7). With their strong emission in the Lyman-α line of hydrogen (Henry et al. 2015; Orlitová et al. 2018) , they appear to be the best analogues of distant star-forming galaxies, called LymanAlpha Emitters (LAEs; Schaerer et al. 2016) . Green Peas are therefore convenient local laboratories for testing the conditions in actively star-forming galaxies and their role in the reionization era.
In this paper, we focus on the Green Pea X-ray properties. The X-ray emission of galaxies with active star-formation has been shown to scale with the star-formation rate (SFR; Grimm et al. 2003; Ranalli et al. 2003; Mineo et al. 2012a Mineo et al. , 2014 . The X-ray output from recent stellar populations is dominated by high-mass X-ray binaries (HMXBs) whose lifetimes are of the order of 10 7 years and should thus closely follow the star-formation events (e.g. Fabbiano 2006 ). The contribution of hot gas, powered by the massive-star feedback, is also non-negligible (Mineo et al. 2012b) and is also proportional to the SFR. More recent studies have established additional dependence on metallicity (Mapelli et al. 2010; Kaaret et al. 2011; Basu-Zych et al. 2013b , 2016 Brorby et al. 2014 Brorby et al. , 2016 Douna et al. 2015) . Metallicity modifies the cooling rates in the ISM, affects the number of HMXB systems, and may also modify the luminosity of the individual HMXBs (e.g. Mirabel et al. 2011; Douna et al. 2015; Basu-Zych et al. 2016 , and references therein). Green Peas generally have high SFRs and low metallicities, therefore large X-ray luminosities can be expected. It is important to check if their L X follows the trends established for other starforming galaxies, or if additional sources such as AGN need to be considered (which would impact the interpretation of the LyC leakage).
We have obtained the first X-ray observations of Green Peas, using the XMM-Newton satellite. We describe the observations and data reduction in Section 2. Results of the X-ray analysis and their presentation in the context of multiwavelength data and other galaxy samples are exposed in Section 3. We discuss the results with respect to the previously published works in Section 4. The main conclusions are summarised in Section 5.
OBSERVATIONS AND DATA REDUCTION

Sample selection and X-ray observation
We selected Green Peas for the X-ray observation from Cardamone et al. (2009) . The selection was done based on the SFR, redshift and observability to maximize chances for a successful detection. This resulted in the final sample of three targets on redshifts z = 0.19−0.27 and with SFR ∼ 20−60M . We list the targets in Table 1 , and we further refer to them as GP1, GP2 and GP3.
We obtained the X-ray data (PI M. Ehle) using the XMMNewton satellite (Jansen et al. 2001) . The three targets were observed in spring 2013. We report the XMM-Newton observational details in Table 1 . We used both EPIC/PN (Strüder et al. 2001) and MOS (Turner et al. 2001 ) cameras of XMMNewton, which operated in the Full Frame mode with the thin filter during all of the observations. The exposure times ranged from 31 to 61 ks per target, nevertheless the table reports the net exposures after the subtraction of the intervals affected by high background flares. Namely, the useful exposure of GP3 shrank from 61 ks to 25.5 ks, which was insufficient for the detection of the source.
We built an archival control sample of star-forming galaxies based on Douna et al. (2015) , Brorby et al. (2016) and . Douna et al. (2015) comprises nearby galaxies, selected following Mineo et al. (2012a) in which the X-ray luminosity is supposed to be dominated by high mass X-ray binaries detected individually, and that encompass a wide range of metallicities. Brorby et al. (2016) focuses on Lyman-Break Analogues (LBAs), building on previous results of Basu-Zych et al. (2013b) . LBAs were selected by their far-ultraviolet luminosity, mass and metallicity so as to resemble high-z Lyman-Break Galaxies (LBGs). includes two metal-poor Green Pea Analogues (GPAs), which were selected by similar criteria as GPs in Izotov et al. (2011) , but imposed an upper limit of z < 0.1. The selection criteria for LBAs, GPs and their Note-Redshifts were adopted from the SDSS archive.
analogues are not mutually exclusive, therefore certain similarities in their X-ray properties can be expected. Namely, Green Peas seem to be a subset of the LBAs, being compact and low-mass not only in the UV, but also in the optical light.
In the same vein, there may be overlaps between the properties of these samples and the galaxies of Douna et al. (2015) , which we will discuss in Sections 3 and 4.
XMM-Newton data reduction
We used the Science Analysis System (SAS) software version 15.0 (Gabriel et al. 2004 ) to reduce the XMM-Newton data. The cleaned event lists were prepared using SAS commands epchain and emchain for the EPIC/PN and MOS detectors, respectively. Only low background intervals of the rate curve were considered (i.e. count rate 0.35 cts/s for MOS above 10 keV and 0.4 cts/s in 10-12 keV energy range for PN).
The source spectra were extracted from circular regions with the radius of 30 arcsec around the image coordinates corresponding to the sky position of the sources obtained from the SDSS survey. The X-ray background was measured in nearby source-free circular regions at the same chip of the detector. For the EPIC/PN detector, we defined the background regions according to the recommendations given in the XMM-Newton Calibration Technical Note XMM-SOC-CAL-TN-0018 (Smith & Guainazzi 2016) , so that the distance from the readout node is similar to that of the source region to ensure comparable low-energy instrumental noise in both regions. The background region does not contain the same columns as those passing through the source region to avoid out-of-time events from the source. For the MOS detectors, there is no such a limitation, which allowed us to define larger background extraction regions than for the PN. They were defined as circular regions in the source-free area on the same chip and near the source extraction regions. Details of the source and background extraction regions are described in Appendix A.
Each EPIC source and background spectra were extracted in the same PI range 0-11999 eV. Only patterns less than 4 and 12 were used for the PN and MOS detectors, respectively. Response and ancillary response matrices were created by rmfgen and arfgen tools. For the PN detector, the response matrices were calculated only up to 12 keV using 2400 energy bins in order to combine PN, MOS1, and MOS2 spectra together using the epicspeccombine tool. Combined spectra were further analysed using the XSPEC version 12.9 (Arnaud 1996) . The C-statistics (Cash 1976 ) was used for fitting the (un-binned) data. The Poisson distribution of the data was assumed as well as the Poisson background.
1 For the spectral model fits, we used the most recent measurements of the cosmological parameters: H 0 = 67.8 km s (Ade et al. 2016 ).
3. RESULTS
X-ray detection
The X-ray images of all source regions are shown in Figures 1-3 for different energy bands (0.2 − 1 keV, 1 − 2 keV, 2 − 10 keV and optical SAO-DSS image). We followed the SAS data analysis thread "How to Generate vignetting- corrected background-subtracted EPIC images" 2 . For each energy band, an image of the science exposure, corresponding scaled out-of-time (OOT) (EPIC-pn only) and scaled Filter Wheel Closed (FWC) images, and a vignetting corrected exposure map and mask was created. This set of images was used to create the final (EPIC-pn and MOS combined) 2 https://www.cosmos.esa.int/web/xmm-newton/sas-thread-images background-subtracted and vignetting-corrected science exposure images. We applied a logarithmic intensity scale to all the X-ray images to allow their direct comparison. GP1 is clearly observable as an unresolved point source only in the soft X-ray bands (0.2 -1 keV and 1-2 keV, Fig. 1 ). GP2 is present in all of the energy bands (Fig. 2) . GP3, however, remained undetected, with a plausible detection only in the 1-2 keV energy band (Fig. 3) . The non-detection of GP3 was most likely caused by the large reduction of the exposure time from 61 ks to only about 25 ks of the net exposure time after the high-background flare events were removed from the event list (see Table 1 ).
Our results were also confirmed by the pipeline search detection used for the 3XMM data archive (Rosen et al. 2016) . The first two sources were detected and were named as 3XMM J074936.7+333717 (GP1), and 3XMM J082247.4+224145 (GP2), respectively. GP3 was not detected.
X-ray spectral analysis
For the first two GPs that are clearly detected, we performed spectral fits in the wide energy range 0.3-10 keV using XSPEC. We used a simple absorbed power-law model. The absorption was attributed only to the neutral absorption in our Galaxy. The column density of the neutral hydrogen was set to values from the Leiden-Argentine-Bonn (LAB) survey (Kalberla et al. 2005) , i.e. n H = 4.65 × 10 20 cm −2 for GP1 and n H = 4.13 × 10 20 cm −2 for GP2. The X-ray continuum of both spectra was well fitted by the power-law model, resulting in the C-statistic fit goodness C = 1330 (1939 degrees of freedom) for GP1 and C = 1173 (1939 degrees of freedom) for GP2. The X-ray spectra with the best-fit models and residuals of the data from the models are shown in Figure 4 .
We find the X-ray spectrum in GP1 to be significantly steeper than in GP2. The photon index of the power-law was found to be Γ = 3.4 ± 0.8 with the normalisation factor K = (2.4 ± 1.0) × 10 −6 for GP1, and Γ = 2.0 ± 0.4 with normalisation K = (2.8 ± 0.6) × 10 −6 for GP2, respectively. This is consistent with the findings on the source detection shown in the image at different energy bands (Figures 1-3 ). GP1 is clearly detected only in the softest energy bands, while GP2 has significant detection also above 2 keV. Table 2 summarises the X-ray flux measurements in the 0.5-2 keV energy band for GP1 and GP2 (i.e. the targets with a clear detection). For GP2, we also report the flux in the 2-10 keV energy band. For GP1, whose X-ray spectrum was found to be significantly steeper, we only constrained an upper limit in the 2-10 keV energy band. The X-ray luminosity was calculated from the intrinsic (i.e. unabsorbed) flux measurements and using the luminosity distance calculated from the cosmological redshift. The luminosity distance is D L = 1437.6 Mpc for GP1 and D L = 1103.1 Mpc for GP2. The luminosity was then calculated as L = 4πD 2 L F intrinsic . Finally, we performed the analysis of the shortened observation of GP3. We only constrained an upper limit for the X-ray flux based on the non-detection of the source. We derived the flux upper limit F 2−10 keV = 7.2×10 −16 erg cm
corresponding to L GP3, 2−10 keV = 0.77 × 10 41 erg s −1 (assuming a power-law spectrum with Γ = 2).
Ancillary optical spectra analysis
In order to interpret the measured X-ray flux of our Green Pea galaxies, we need to refer to independent SFR estimators (such as optical, ultraviolet, and infrared) and to other ancillary parameters. Various estimates of the Green Pea SFR, metallicity and stellar mass exist in the literature (e.g. Brinchmann et al. 2004; Cardamone et al. 2009; Amorín et al. 2010; Izotov et al. 2011) , with a certain spread of the derived values that depend on the applied methods. We adopted those that were most compatible with the control sample, or else we derived the necessary parameters that allowed a direct com- Note-* Ranalli's values were calculated using the L X /SFR ratio in the original paper and then corrected as in Mineo et al. (2012a) to include the whole mass range for SFR. **Douna's values were calculated using relation L X /SFR = 2.09 × 10 39 erg s −1 yr M , which corresponds to the best model at high metallicity, and then corrected (by a factor 3.9/2.6) following Mineo et al. (2014) parison with other galaxies. We used the SDSS Data Release 13 (DR13; Albareti et al. 2017) 3 spectra that were obtained with optical fibres of 3 diameter, which encompass most of the signal from each of the GPs due to the galaxy compactness and redshift. We measured the emission-line fluxes using double-Gaussian fits of the line profiles.
We adopted the SFR values from Cardamone et al. (2009) , who constrained SFR from the Hα line (Kennicutt Jr. 1998) using the flux corrected for the underlying stellar absorption and for interstellar extinction. We report the values in Table 3. It should be pointed out that no SFR estimations based on NUV+IR fluxes, which would be consistent with the control sample methods, were available for our GPs in the literature. However, we will discuss the impact of our choice in more detail in Section 4.1.1. We adopted the stellar masses from the MPA-JHU galaxy catalogue 4 (Brinchmann et al. 2004 ). The choice is consistent with the Brorby et al. (2016) sample. The values are reported in Table 3 . We derived the specific star formation rate (sSFR), which is defined as the ratio between the SFR and stellar mass (sSFR = SFR/M ). It helps to determine whether the X-ray flux is rather dominated by the population of high-mass or low-mass X-ray binaries (Mineo et al. 2012a) . The values of sSFR for the GPs in our sample (see Table 3 ) are all significantly larger than the threshold sSFR= −10 (Mineo et al. 2012a), indicating a very high SFR per stellar mass and thus suggesting a clear dominance of the high-mass X-ray binaries in the X-ray flux. The division between the HMXB-dominated and LMXB-dominated galaxies is only valid if no active nucleus (AGN) is present. We have checked the classification for our sample based on the optical emission-line ratios and using the BPT diagram (Baldwin et al. 1981) . We found no indication of an AGN (but see Section 4.2.2 for further details).
The GP metallicity 12 + log (O/H) reported in the literature differs between the individual studies by as much as 0.8. This is a well-known effect that is due to the different calibrations. Kewley & Ellison (2008) provided conversions between them, however the conversions are valid only in statistical sense and may not be precise for individual objects. We have therefore computed the metallicity from the SDSS data, using a method compatible with the control sample. We applied the O3N2 calibration derived by Pettini & Pagel (2004) based on the [O iii] λ5007/Hβ and [N ii] λ6583/Hα emission line ratios. Our metallicity results (Table 3) are consistent with those derived by Izotov et al. (2011) and are lower than those of Cardamone et al. (2009) . See Section 4.1.2 for more details.
Elevated X-ray luminosity in Green Peas
We here compare the measured X-ray luminosities with the expected values predicted from the relations reported in previous works. Several relations between the X-ray luminosity and SFR have been reported in the literature. Ranalli et al. (2003) provided relations between the star formation rates of a sample of nearby star-forming galaxies and their total X-ray luminosity in the soft and hard Xrays, L X,0.5−2 keV [erg s
respectively. However, the SFR in this relation refers to stars more massive than 5M . Mineo et al. (2012a) computed an extension to lower masses that yields SFR (0.1−1000 M ) = 5.5× SFR (> 5M ), using the Salpeter initial mass function (IMF). This leads to the L x -SFR relation L X,0.5−8 keV [erg s
−1 ] ≈ 1.6 × 10 39 SFR [M yr −1 ]. A slightly larger X-ray luminosity was derived for the emission of the population of X-ray binaries from the analysis by Grimm et al. (2003) , L , the dark-blue squares are the LBAs (Brorby et al. 2016 ) and the grey circles correspond to the star-forming galaxies (SFGs) from (Douna et al. 2015) , corrected for the diffuse X-ray emission. The dashed and dashed-dotted lines are the best-fitting linear trend and its 1σ deviation, respectively, derived by Brorby et al. (2016) . Gilfanov & Merloni (2014) Ranalli et al. (2003) was the SFR estimation method. By comparison with the resolved X-ray sources of Mineo et al. (2012a) , they inferred that the hot gas emission represented approximately one third of the total L X . As the Green Peas in our work are unresolved due to their relatively large distance, any appropriate comparison with other samples should also consider the unresolved emission.
Furthermore, the effects of metallicity, and thus more complex L X -SFR-metallicity relations, were considered by Fragos et al. Douna et al. (2015) and Brorby et al. (2016) .By means of the Bayesian inference, Douna et al. (2015) fitted Monte Carlo models for the dependence on metallicity of the size and luminosity of HMXB populations in nearby star-forming galaxies, and they showed that the number of HMXBs is an order of magnitude higher in galaxies with 12+log(O/H) 8 than in near-solar metallicity galaxies. Moreover, Brorby et al. (2016) found an enhancement of the total X-ray luminosity in their LBA sample with respect to solar metallicity galaxies and proposed a possible L X -SFRmetallicity plane. Their best fit to the data, which agrees with the Douna et al. (2015) results corrected for the unresolved emission, corresponds to log(L X ) = log (SFR) + (−0.59 ± 0.13) log ((O/H)/(O/H) ) + (39.49 ± 0.09) with a dispersion of 0.34 dex.
The different theoretical predictions from L x -SFR(-metallicity) relations for the GPs in this work are summarised in Table 4 predicted value from L X -SFR relations, but is consistent with L X -SFR-metallicity relation by Brorby et al. (2016) .
GPs in the L X , SFR and metallicity plane
The excess of X-ray luminosity of both detected GPs is clearly visible in Figure 5 . This plot adopts the diagram originally proposed by Brorby et al. (2016) , where we add the points corresponding to the Green Pea galaxies of our sample. We show the relation that Brorby et al. (2016) derived for the L X -SFR-metallicity plane (see Section 3.4) and we include the data for our GPs and the control samples of Douna et al. (2015) ; Brorby et al. (2016) and , introduced in Section 2.1. Douna et al. (2015) reported the X-ray luminosities of resolved X-ray sources. Therefore, we here applied a correction to include the diffuse X-ray emission: we multiplied the sum of their X-ray emission by a factor of 4/2.6, following the L X vs. SFR relation of Mineo et al. (2012a) and Mineo et al. (2014) . An analogous correction was applied by Brorby et al. (2016) ; ?, therefore we adopted their values for LBAs and the GP analogues.
The GP galaxies occupy a similar region of the plot as the LBAs, unlike the galaxies selected as Green Pea Analogues by , which are shifted to lower L X as a result of their lower SFR and higher metallicity, and are below the Brorby et al. (2016) relation. Both of our Xray-detected GPs are above the Brorby et al. (2016) relation, which indicates an X-ray excess with respect to other starforming galaxies. We note that the deviation of GP1 and GP2 from the trend is less than 3σ and the excess may appear to be only slightly above the correlation in the graph, but we emphasise that in this part of the plot the excess corresponds to 10 42 erg s −1 , which cannot be simply attributed to a scatter in the X-ray luminosity of a standard X-ray binary population. We will discuss possible explanations of the observed X-ray excess in Section 4. On the other hand, the GP3 upper limit is consistent with the Brorby et al. relation.
Green Peas are low-mass, compact galaxies with a large SFR. As the SFR scales with mass, it is not immediately obvious from the Brorby et al. (2016) plane if the GP X-ray excess is linked to the galaxy type. A useful plot was proposed by Basu-Zych et al. (2013b) , which shows the X-ray luminosity per unit SFR as a function of the specific star formation rate. We present the diagram in the left panel of Figure 6 . We adopted the Basu-Zych et al. (2013b) samples that comprise star-forming galaxies from Colbert et al. (2004) and Mineo et al. (2012a) , (Ultra-)Luminous Infrared Galaxies (ULIRGs), z ∼ 2 LBGs of Lehmer et al. (2010) and Iwasawa et al. (2011) , and the theoretical/empirical curves (Lehmer et al. 2010; Mineo et al. 2012a ). We added the recent sample of LBAs from Brorby et al. (2016) , which superseded the LBAs of Basu-Zych et al. (2013b) , the sample of GPAs from and our sample of GPs, all converted to the 2 -10 keV band following Brorby et al. (2016): we applied the factor 0.654, which corresponds to the slope Γ = 1.9 and hydrogen column density n H = 3 × 10 20 cm −2 . We extracted the masses for the GP analogues from the MPA database, consistently with the GP and LBA samples. Basu-Zych et al. (2013b) noted that LBAs have an excess of L X per unit SFR as compared to other nearby star-forming galaxies: they lie well above the empirical predictions of Lehmer et al. (2010) and Mineo et al. (2012a) , and above other galaxies with a similar sSFR, including the ULIRGs. In this respect, LBAs were found to be more similar to the distant LBGs than to the local star-forming galaxies. The left panel of our Figure 6 shows that this L X /SFR excess is even more pronounced for our Green Peas GP1 and GP2. This fact confirms that GPs are extreme versions of the LBAs. On the contrary, the GP analogues from do not show deviant L X per unit SFR as compared to other samples. Their sSFR is among the largest in this plot (∼ 10 −7.5 yr −1 ), but their L X /SFR is one order lower than for our GP1 and GP2.
The original Basu-Zych et al. (2013b) diagram did not include any metallicity dependence. Therefore, we modified their plot to take into account the results of Brorby et al. (2016) . We derived the correction for metallicity from Brorby et al. (2016) correlation, which resulted in a multiplicative factor
applied to the L X,0.5−8keV /SFR ratio. This quantity should be constant according to the correlation of Brorby et al. (2016) . We note that we used the X-ray luminosity in the 0.5-8 keV band rather than extrapolate it to the 2-10 keV band because most of the sources are very soft in X-rays and any extrapolation to the hard band may only introduce systematic uncertainties. We present the new plot in the right panel of Figure 6 . The horizontal lines correspond to the Brorby et al. (2016) relation and its 1σ deviation as in Figure 5 .
We show the position of our GPs in comparison to the LBAs from Brorby et al. (2016) as in the previous plot and star-formation galaxies from Mineo et al. (2012a) , for which stellar masses were provided by the authors, and were therefore easily available. The control samples are therefore slightly different between the two panels of this Figure. Most LBAs lie within the 1σ uncertainty of the Brorby et al. correlation, which indicates that the excess of LBAs in the BasuZych et al. (2013b) diagram can be explained by the metallicity. On the contrary, GP1 and GP2 are clearly above the 1σ limit, which leaves their interpretation less straightforward. Figure 7 . A detailed look at the plot presented in Figure 5 showing GPs with different SFR estimates (see the main text for the details).
Unlike our GPs, the GP analogues of fall below the Brorby et al. (2016) relation, due to their low SFR and high metallicity. The control sample of star-forming galaxies have a large spread in the vertical-axis values in this plot, both below and above the Brorby et al. line, but they occupy a different interval of the sSFR (∼ 10 −10 − 10 −9 yr −1 ) than the GPs, LBAs and GPAs (∼ 10 −8 − 10 −7 yr −1 ). The analogies between the different galaxy populations are not straightforward to derive, nevertheless the Green Peas GP1 and GP2 studied in this paper have the most extreme X-ray properties among all of the studied samples.
We note that the only LBA situated above the Brorby et al. (2016) correlation by more than 1σ is KUG 0842+527, also known as the radio galaxy FIRST J084602.3+523158. The X-ray overabundance could be explained if the radio emission was coming from a relativistic jet emanated from the central super-massive black hole. However, this galaxy was classified as a starburst galaxy by Best & Heckman (2012) , not as an AGN. Another explanation of the enhanced Xray flux could be the contribution of low-mass X-ray binaries. This galaxy has a total stellar mass M * ∼ 10 11 M , i.e. two orders larger than the GPs, and its position in the diagram is close to the border separating the LMXBand HMXB-dominated sources. According to Gilfanov & Merloni (2014) , L X,LMXB ≈ 10 39 M * 10 10 M , corresponding to L X,LMXB ≈ 10 40 erg s −1 for KUG 0842+527. Nevertheless, this LMXB contribution represents only ∼ 20% of the L X predicted for the HMXBs in KUG 0842+527, given its SFR = 18.8 M yr −1 (Brorby et al. 2016 ).
DISCUSSION
We here discuss whether and how are the results presented in Section 3 affected by the choice of the data analysis methods. We also discuss the possible origin of the X-ray emission in Green Peas.
Impact of data analysis methods
Previous studies of the X-ray luminosity of star-forming galaxies and its relation to SFR and metallicity have probed various galaxy types. Among those, Green Peas should most resemble the low-redshift GP analogues ) and the LBAs Brorby et al. 2016) . LBAs were selected by their far-ultraviolet (FUV) emission, metallicity and stellar mass to resemble the highredshift LBGs ). Green peas, on the other hand, were selected by their optical emission lines and morphology, but they would qualify as LBAs. They represent the most extreme cases of LBAs due to the fact that they are low-mass, compact galaxies as opposed to some of the LBAs that are massive objects containing a single FUVemitting region (Overzier et al. 2009 ). For this reason, it is most interesting to compare the observed X-rays from GPs with those from the LBAs. The similarity between the GPs and LBAs thus dictated the choice of the analysis methods, namely those to derive the SFR and metallicity.
SFR estimates
The SFRs of LBAs by Brorby et al. (2016) were determined from a combination of near-UV (NUV) and infrared (IR) data. We did not go through the same procedure, but instead adopted the Hα SFR from Cardamone et al. (2009) . We here test the impact of the different SFR determination on our plots. Hunter et al. (2010) derived SFRs of blue compact dwarf galaxies (BCDs) both from Hα and FUV. They obtained the ratio log SFR FUV / log SFR Hα = 0.99, i.e. both SFR measurements provided comparable results. In addition, Brorby et al. (2014) studied the relation between the FUV SFR and the SFR from the combined NUV plus IR measurements. They obtained SFR NUV+IR /SFR FUV = 1.23. We here test the impact of such conversions on our data. We first apply the FUV-to-Hα correction following Hunter et al. (2010) and subsequently the FUV-to-NUV correction following Brorby et al. (2014) . The resulting SFRs are larger than the original Cardamone et al. (2009) values: 70 .3 M yr −1 for GP1, 44.9 M yr −1 for GP2, and 22.7 M yr −1 for GP3. Independently, Izotov et al. (2011) provided scaling factors between the FUV and Hα SFRs for various sub-samples of their luminous compact star-forming galaxies (overlapping with Green Peas), defined by the Hβ equivalent width and morphology. We measured the Hβ equivalent widths for our GPs from the SDSS spectra: EW(Hβ) = 90 Å for GP1, 200 Å for GP2, and 250 Å for GP3. The corresponding conversion factors from Izotov et al. (2011) (their Table 1 ) are: SFR FUV /SFR Hα = 0.93 for GP1, and SFR FUV /SFR Hα = 0.68 for GP2 and GP3. If we apply this conversion from Hα to FUV, and then the conversion from FUV to NUV+IR as in previous paragraph (Brorby et al. 2014) , we obtain: 67.3 M yr −1 for GP1, 31.3 M yr −1 for GP2, and 15.7 M yr −1 for GP3. Figure 7 shows how the position of the three GPs shifts in the Brorby et al. (2016) diagram using the different SFR estimates. The conversion using the BCDs fit predicts the highest SFR values. The method based on Izotov et al. (2011) results predicts significantly lower values of SFR for GP2 and GP3. Nevertheless, the X-ray excess is present in GP1 and GP2 in all of the conversions. We therefore conclude that the Hα SFR applied in Section 3 does not affect our main results.
Metallicity estimates
Similar to SFR, different metallicity calibrations can also affect the position of GPs in Fig. 5 and in the right panel of Fig. 6 . For this reason, we determined the GP metallicity using the [O iii] and [N ii] optical line ratios (O3N2 method; Pettini & Pagel 2004) , consistently with the control sample. We checked that these values are in perfect agreement with the values obtained by Izotov et al. (2011) who used the so called direct method, which is based on the determination of the electron temperature T e from the ratio
The metallicity values are, however, ∼ 0.5 − 0.7 dex lower than those reported by Cardamone et al. (2009) , which were based on the measurements of relative intensities in the optical [O ii] and [N ii] lines (Kewley & Dopita 2002) , employing the method by Tremonti et al. (2004) . The offset in metallicity from the Cardamone et al. (2009) values was also reported by Amorín et al. (2010) who used the direct method as well as the N2 method (where N2 = log ([N II]λ6584/Hα). Amorín et al. (2010) attributed the difference to the larger N/O ratios in the GPs than in other star-forming galaxies. However, Hawley (2012) simply explained the offset of Cardamone et al. (2009) values as due to the low metallicity, at which the O2N2 method is not applicable (log (O/H) + 12 8.3). Conversely, the O3N2 index (Pettini & Pagel 2004) should be reliable in GPs, as their metallicity is above the lower limit set by López-Sánchez & Esteban (2010): 8.0 < log (O/H) + 12. Hawley (2012) showed that the N2 method is valid for even lower-metallicity galaxies and that the O3N2 method gives coincidentally correct estimates due to the tight correlation with the N2 method. The difference between our metallicity estimations and the 03N2 metallicity estimations derived from the line intensities in Hawley (2012) for our GPs is less than ∼ 1%, using both the original and Hawley (2012) calibrations.
All the methods discussed in this paragraph, except for that of Cardamone et al. (2009) , provide consistent metallicity results. Nevertheless, if we adopted the higher Cardamone et al. (2009) values, the data points would shift to the left in the diagram of Fig. 5 , making the X-ray flux of GPs even more enhanced with respect to other star-forming galaxies.
Our main conclusion about the elevated X-ray flux of GP1 and GP2 are thus clearly unaffected by the metallicity measurements.
The origin of the enhanced X-ray emission
We showed in previous Sections that the X-ray excess of both detected Green Pea galaxies cannot be affected by an incorrect placement of the sources in the diagram due to the SFR or metallicity determination methods. We also need to stress that the existence of the L X -SFR-metallicity plane was not predicted from any simulations and it could be the result of differences in the properties of distinct galactic types (see also Douna et al. 2015; Brorby et al. 2016) . The slope of the correlation might be dependent on the observational sample. Larger galaxy samples would be useful to populate the plane. Nevertheless, the location of GP1 and GP2 above the plane and the actual order of magnitude of their L X suggests the need to further investigate the properties of their X-ray emission in comparison to other galaxies. We discuss here the possible explanations, while bearing in mind the low statistical weight of this GP sample.
X-ray binary populations and hot gas
The X-ray emission of the star-forming galaxies is proportional to the number of HMXBs, and thus to the SFR. Mineo et al. (2014) (Gilfanov & Merloni 2014) , and the X-ray luminosity function has a cutoff at log L X ≈ 39 − 39.5 (Gilfanov et al. 2004 ). Therefore, the LMXBs do not significantly contribute to the total X-ray emission when SFR > 1 M yr −1 (Gilfanov et al. 2004) . For our sources with SFR > 10 M yr −1 , log L X ≈ 42, and log M * < 10, the contribution of LMXB is insignificant (< 1%). This is also indicated by the vertical line in Fig. 6 at the limit log(sSFR)≡ −10, distinguishing between the regions of HMXB and LMXB dominance. Green Peas with log(sSFR)= −8 are clearly HMXB-dominated.
The HMXB formation is more efficient in metal-poor galaxies, it was therefore necessary to include the metallicitydependent L X -SFR relation for the comparison of Green Peas with other star-forming galaxies (Fig. 6, right) . Due to the relatively low metallicity of Green Peas, the predicted X-ray emission is larger from the empirical relations by Brorby et al. (2016) than from pure L X -SFR relations. But even after taking into account the low metallicity of GP1 and GP2, their X-ray luminosity is still a factor of 6 larger than the predictions. This comparison of GP X-ray luminosities to other star-forming galaxies reveals that the X-ray luminosity in Green Peas cannot be due to standard X-ray binaries population as in other local galaxies.
Possible explanations include larger populations of HMXBs or their higher luminosity in metal-poor galaxies (e.g. Douna et al. 2015; Basu-Zych et al. 2016) , presence of bright ultraluminous X-ray sources (ULXs) as detected in similar galaxies (see e.g. Prestwich et al. 2015) , or the effect of hot gas in these highly star-forming and highly ionized galaxies. In some galaxies with high signal-to-noise ratio X-ray spectra, the hot gas component can be directly identified (e.g. Otí-Floranes et al. 2012 . The data quality for GPs does not make this determination possible. Mineo et al. (2012b) estimated that the hot gas contributed on average ∼ 30% to the total X-ray emission in star-forming galaxies. We cannot determine its precise contribution in the GPs due to the lack of angular resolution with the XMM-Newton. The contribution of hot gas emission therefore remains uncertain.
Alternatively, some authors have speculated about the deviation of the initial mass function, such as the top-heavy IMF that might be more relevant for compact dwarf galaxies with lower metallicity (Dabringhausen et al. 2009; Marks et al. 2012) . Basu-Zych et al. (2013b) also suggested that the large L X detected in LBAs could be due to luminous supernovae with extremely massive progenitors (> 100M ), related to the low metallicity and the high sSFR.
Possible AGN contribution
Presence of an active galactic nucleus would be another possible explanation for the elevated X-ray emission. Based on the measured X-ray luminosity, we can estimate the accretion rate with respect to the Eddington luminosity. For a supposed black hole with mass ∼ 10 5 M (see the typical masses of central black holes in dwarf galaxies in e.g. Mezcua et al. 2018) , the Eddington luminosity is of the order of 10 43 erg s −1 . The excess of ∼ 10 42 erg s −1 would correspond to an accretion rate ofṁ ≈ 0.1ṁ Edd . This accretion rate is typical of Seyfert galaxies, which often exhibit an optical/UV excess. However, if the excess is due to the thermal emission from a black hole accretion disc and if the mass of the central black hole is small (such as expected in GPs), the excess shifts towards high energies -the peak temperature would be at ∼ 0.3 keV (0.1 keV) for a highly-spinning (nonrotating) black hole with mass ∼ 10 5 M (see, e.g., Svoboda et al. 2017) . Therefore, the accretion-disc thermal emission would fall to soft X-rays and to the band between the FUV and X-rays. For lower accretion efficiencies, the total AGN luminosity is lower and the radiation is harder, and it would hence be even more difficult to detect direct AGN signatures in other than X-ray bands. The hidden-AGN scenario cannot be ruled out and provides a possible explanation for the observed X-ray excess in GPs.
The optical SDSS emission line ratios of our Green Peas are compatible with SF galaxies, even though in their extreme form -they lie on the borderline between star-formation and AGN (Kewley et al. 2001) in the BPT diagram (Baldwin et al. 1981) . The emission line widths do not suggest the presence of an AGN broad-line region either. Nevertheless, as the X-ray spectral index of GP1 is large and is similar to that encountered in narrow-line Seyfert 1 nuclei (Boller et al. 1996; Done et al. 2012) , we have checked for the presence of Fe X lines, which are commonly found in such objects (Mullaney & Ward 2008) . We detected a weak feature in the SDSS spectrum, which may, however, be an artifact. A deeper exposure would be needed to confirm its relevance.
Possible underestimation of SFR due to LyC leakage
The SFR measurement in this paper was based on the Hα line flux, assuming that all of the ionizing radiation was reprocessed by the interstellar gas. However, if there is a leakage of the ionizing flux out of the galaxy, the derived SFR may be underestimated (Izotov et al. 2016b ). The Lyman continuum leakage from Green Pea galaxies (and similar) has indeed been observed (Izotov et al. 2016a (Izotov et al. ,b, 2018a , with escape fractions ranging from ∼5% to ∼70%. We do not have the LyC information for the targets studied in the present paper and will probably not have it in the near future either: The only FUV detectors presently available are those onboard the Hubble Space Telescope, but the LyC for z < 0.3 sources falls at λ < 1200 Å, where their sensitivity is prohibitively low. If the X-ray excess detected in GP1 and GP2 was due to an underestimation in the SFR measurement in Hα, this would imply for GP1 a real SFR ≈ 300 M yr −1 . A direct test would be to estimate SFR from the UV, IR and radio flux, and check for possible discrepancies with the Hα method.
On the other hand, the LyC leakage found in GPs could be tightly related to an enhanced X-ray emission, consistent with our results. The energetic X-ray photons can heat and ionize the ISM gas or destroy the dust particles along their path. In addition, at least some of the X-ray emitting systems are probably sources of powerful jets or outflows. Their mechanical energy deposited into the ISM can remove gas and dust along their directions of propagation. All these processes may thus facilitate the escape of the LyC photons along these preferential channels. Alexandroff et al. (2015) proposed that it is the SFR surface density (i.e. SFR/kpc 2 ) that determines the efficiency of creating the "holes" in the ISM, due to the feedback processes. Verhamme et al. (2017) then confirmed that the LyC escape fraction from GP-like galaxies indeed correlates with SFR/kpc 2 . Heckman et al. (2011) proposed a test based on the FUV absorption-line profiles that would discriminate between the homogeneous LyC escape and escape through the holes. While Chisholm et al. (2017) applied the test to the confirmed LyC leakers and concluded a homogeneous escape, Gazagnes et al. (2018) and Chisholm et al. (2018) favour the escape through holes. Hopefully new sensitive FUV observations will put more constraints to this question.
Other LyC leakers, Haro 11 and Tol 1247-232, were previously observed in X-rays by Basu-Zych et al. (2016) and Kaaret et al. (2017) , respectively. Unlike in GPs, their LyC escape fractions are low, on the level of < 5%. Basu-Zych et al. (2016) worked with the hypothesis that one of the Haro 11 star-forming knots had a hidden AGN, suggested by independent multi-wavelength observations. Removing the possible AGN contribution, they still found an excess of bright X-ray sources. Kaaret et al. (2017) did not rule out a low-luminosity AGN contribution in Tol 1247-232 despite the absence of its signatures in the optical spectra, and also speculated about ULX sources. They made a connection between an X-ray source and a feedback feature observed Hα that is possibly related to the LyC escape (Puschnig et al. 2017) . Analogies between these resolved objects and the unresolved GPs will hopefully lead to a better insight into the GP structure and the origin of the X-rays. The possible presence of AGN in the presently known LyC leakers would change the perspective of interpreting the reionization era of the universe.
SUMMARY
We have performed the analysis of the first X-ray observations of low-mass, metal-poor, star-forming galaxies known as Green Peas, obtained with the XMM-Newton satellite. We have detected flux in two of the three targets, while the third target was undetected due to high background flares encountered during the observation. The X-ray luminosities of the two detected targets are of the order of ∼ 10 42 erg s −1 , and are larger by a factor of 6 than predicted by empirical laws connecting the X-ray luminosity of star-forming galaxies to their SFR and metallicity. This indicates that the Green Peas may either (i) have an additional source of X-ray flux (hidden AGN or ULXs), or (ii) have a larger and/or brighter population of high-mass X-ray binaries than usual star-forming galaxies, or (iii) their star formation rate from the optical spectral lines is underestimated. The detection of this powerful X-ray emission can help explain the Lyman continuum leakage from Green Peas reported in the literature: the X-ray radiation or the mechanical feedback from the X-ray sources may create channels in the interstellar medium, allowing the Lyman continuum to escape. Larger populations of Green Peas and other star-forming galaxies need to be studied to check how the X-ray scaling laws depend on the sample selection.
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